Introduction 54
Gitelman syndrome (GS) (OMIM 263800), is an autosomal recessive renal tubular 55 disorder characterized by salt wasting, hypokalemia, hypomagnesemia, 56 hypocalciuria, metabolic alkalosis, and secondary hyperreninism (7) . GS is one of the 57 most common renal tubular disorders with an estimated prevalence of 1:40,000 (20) . 58
The disease can be asymptomatic or associated with mild symptoms of which the 59 most common are muscle weakness, salt craving, thirst, nocturia, paresthesia, 60 tetany, and abdominal pain (2, 11) . Although GS is often described as a mild disease, 61 patients quality of life is significantly affected by this syndrome (2) . 62
In most cases, GS is a result of loss-of-function mutations in the solute carrier family 63 12A3 (SLC12A3) gene encoding the thiazide-sensitive NaCl cotransporter (NCC) 64 (20) . The regulation of NCC activity has been intensively investigated and involves 65 complex cascades of protein processing including glycosylation, ubiquitination, and 66 phosphorylation (6, 8) . These posttranslational modifications have been reported to 67 play a critical role in NCC activity by contributing to trafficking of the protein from the 68 cytosol to the plasma membrane and by increasing the stability of NCC at the 69 plasma membrane (6, 8, 9) . Mutations identified in GS can affect the function of NCC 70 at different levels including protein synthesis, trafficking, and activity (3) . 71
Until now, thiazide-sensitive together with the hypotonic low-chloride buffer for 10 minutes at 37°C and the 154 thiazide-sensitive uptake was determined by the difference of the measurements 155 with and without HCTZ. 156
Halide-sensitive YFP was excited at 488 nm using a monochromator. Fluorescence 157 emission light was directed by a 505DRLPXR dichroic mirror (Omega Optical, 158
Brattleboro, VT, USA) through a 535af26 emission filter. mKate was excited at 543 159 nm and fluorescence emission light was directed by a 560DRLP dichroic mirror 160 (Omega Optical, Brattleboro, VT, USA) through a 565ALP emission filter onto a 161
Cool-SNAP HQ monochrome CCD camera. The integration time of the CCD camera 162 were incubated with either control (135 mM NaCl, 5 mM KCl, 0.5 mM CaCl 2 , 0.5 mM 190
MgCl 2 , 0.5 mM Na 2 HPO 4 , 0.5 mM Na 2 SO 4 , and 15 mM HEPES/Tris, pH 7.5) or 191 hypotonic low-chloride buffer (70 mM NaGluc, 2.5 mM KGluconate, 0.25 mM CaCl 2 , 192 0.25 mM MgCl 2 , 0.5 mM Na 2 HPO 4 , 0.5 mM Na 2 SO 4 , and 7.5 mM HEPES/Tris, pH 
SDS-PAGE and Immunoblotting 204
Twenty µg of protein sample were loaded and separated on a SDS-PAGE gel and 205 immunoblotting was performed as previously described (21). The primary antibodies 206 used were as follows: rabbit polyclonal antibody against rat NCC (tNCC, detecting 207 both phosphorylated and non-phosphorylated form) (Millipore, Billerica, MA, USA, 208 #AB3553; 1:2,000); affinity-purified rabbit polyclonal antibody against pT60-NCC 209 (pNCC), kindly provided by Dr. Robert Fenton, Aarhus University, Denmark; 1:2,000 210 The enzyme was added (500 units) to the denatured samples of cell membrane-221 enriched fraction and incubated for one hour at 37°C. Subsequently, samples were 222 processed as described in the SDS-PAGE and Immunoblotting method section. 223
224

Statistical analysis 225
For the functional assay numerical results were visualized using Origin Pro 7.5 226 (OriginLab Corp., Northampton, MA, USA (3.5%), and no mutations in the two genes were detected in 101 patients (10%). 239
Among 297 mutations of SLC12A3 gene detected in the cohort of analyzed GS 240 patients, eight recurrent mutations (N59I, R83W, I360T, C421Y, G463R, G731R, 241 L859P, and R861C) that have not been previously characterized were selected for 242 further investigation. All selected mutations were predicted as affecting protein 243 function according to at least two of the predicting tools. In addition, the selected 244 mutations were present in more than one family. Mutations L859P and R861C were 245 particularly frequent being present in 108 and 98 families, respectively (Table 2) . 246
247
Functional characterization of NCC mutations 248
A novel functional assay based on a mammalian cell line was developed to study the 249 effects of selected NCC mutations on NCC activity. To this end, NCC-Wt and NCC 250 mutants were cotransfected with halide-sensitive YFP coupled to a halide-insensitive 251 fluorescent red protein mKate via the autocleavable linker E1A. Before the start of 252 the measurements, HEK293-transfected cells were incubated in hypotonic low-253 chloride buffer to maximally increase NCC activity (17). Subsequently, NaI was 254 added to the medium ( YFP/mKate ratio in NCC-transfected cells, while these maneuvers had no effect on 266 the iodide-mediated quenching in mock-transfected cells. Basal YFP/mKate ratio at 267 time 0 was not significantly different between the various conditions tested (Fig. 2C) . 268
To study the activity of the NCC mutants, HEK293 cells were transfected with NCC-269
Wt or the appropriate NCC mutants followed by incubation in hypotonic low-chloride 270 with or without HCTZ (100 μM). In order to quantify the NCC activity, the difference 271 in YFP/mKate ratio between time 0 and 180 seconds after iodide addition 272 (ΔYFP/mKate ratio) was determined. All NCC mutants displayed significantly 273 reduced NCC activity compared to NCC-Wt ( abundance. Beta-actin was used as a loading control in the total cell lysate samples. 288
All NCC mutants were significantly less expressed in the total cell lysate compared 289 to NCC-Wt ( Fig. 3A and B) . To control for equal transfection efficiency, the cellular 290 expression of eCFP present in each pCI-Neo-IRES-eCFP plasmid was assessed in 291 the total cell lysates by the immunoblot probed with antibody against GFP, which 292 also recognizes eCFP (Fig. 3A) . No significant difference in eCFP expression in cells 293 transfected with NCC-Wt or NCC mutants was observed (Fig. 3C) . NCC carrying 294 N59I, R83W, I360T, C421Y, C463R, or L859P mutations displayed a significantly 295 reduced abundance at the cell surface as determined in the biotinylated fraction ( Fig.  296 
3A and D). 297
For the determination of NCC mutants glycosylation, cell membrane-enriched 298 fractions from transfected HEK293 cells were isolated. Subsequently, NCC-Wt and 299 NCC mutants were subjected to deglycosylation reaction with PNGase F enzyme 300 and immunobloted for tNCC. The NCC-Wt protein was present in the complex 301 glycosylated form, which migrates on the SDS-PAGE gel at approximately 130 kDa 302 representing the monomeric form (Fig. 3E) . The dimer was not clearly visible in the 303 cell membrane fraction contrary to the biotinylation experiment as these two 304 protocols differ in their preparation procedure. Upon PNGase F treatment, the 305 molecular weight of NCC-Wt was reduced to the core form migrating at 306 approximately 110 kDa. NCC C421Y and L859P showed predominantly an 307 unglycosylated form at approximately 110 kDa, which resembles PNGase F-treated 308 NCC-Wt. The glycosylated form was virtually absent suggesting at least partial 309 impairment of glycosylation. In order to visualize the mutant R83W, whose 310 abundance was severely decreased, a longer exposition time was applied and 311 presented as an additional immunoblot inset. The glycosylated band was detectable 312 and shifted to the core form after PNGase F treatment. Remaining mutations 313 presented glycosylated form, which was reduced to the core form after PNGase F 314
treatment. 315
To visualize phosphorylation of NCC at pT60 (pNCC) in the selected mutations, 316 Therefore, in order to ensure better visibility of the increased phosphorylation 322 detected by the immunoblot technique, the longer incubation time was selected. 323
After the treatment, cell membrane-enriched fractions were isolated, immunoblotted 324 and probed for tNCC (Fig. 4A) as well as for pNCC (Fig. 4B) . Beta-actin was used 325 as a sample loading control. tNCC and pNCC were present on the immunoblot only 326 as a monomeric form (approximately 130 kDa). To verify the ability of NCC mutants 327 to be phosphorylated, the abundance of pNCC in low-chloride hypotonic buffer 328 relative to pNCC abundance in control buffer was determined (pNCC abundance in 329 control buffer equals 1, dashed line Fig. 4C ). Subsequently, this relative pNCC 330 abundance of each mutant was compared to the relative pNCC abundance of NCC-331
Wt. 332
Under hypotonic low-chloride conditions, the relative abundance of tNCC in the 333 selected NCC mutants was not significantly changed compared to NCC-Wt (Fig. 4C) . 334
The relative abundance of pNCC in the N59I, R83W, C421Y, G731R, and L859P 335 NCC mutants under hypotonic low-chloride condition was significantly lower in 336 comparison to the corresponding treatment of NCC-Wt (Fig. 4D) . 337
338
Discussion 339
In the present study, the activity of NCC and eight GS-causing mutants were 340 determined in a new mammalian cell-based assay. It was found that all eight 341 selected NCC mutants exhibit significantly impaired activity manifested by decreased 342 NaI influx in HEK293 cells. This functional decline was likely due to; (i) a mutation-343 triggered reduction in NCC protein expression (all analyzed mutants); (ii) a reduction 344 in the abundance at the plasma membrane (N59I, R83W, I360T, C421Y, C463R, 345 and L859P mutants); (iii) an impairment of the protein glycosylation (C421Y and 346 L859P mutants); and/or (iv) a disruption of phosphorylation (N59I, R83W, C421Y, 347 G731R, and L859P mutants); as summarized in Table 3 . 348
Here, we present a novel, sensitive, and non-radioactive method that allows 349 measuring NCC activity in a mammalian cell expression system, which represents 350 an excellent alternative for the Xenopus oocytes-based between YFP and mKate was assessed after substitution of hypotonic low-chloride 370 buffer for NaI-rich buffer causing a rapid influx of NaI in the cell. Addition of NaI 371 increased the iodide-insensitive mKate signal in cells expressing NCC-Wt. However, 372 a similar change was detected in the cells expressing the mock vector. Therefore, 373 the increase of mKate signal is NCC-independent and likely caused by cell shrinkage 374 in response to osmotic changes upon addition of hyperosmotic NaI. Interestingly, 375 mutants I360T and G731R had significantly higher activity upon HCTZ treatment in 376 comparison to HCTZ-treated NCC-Wt. A contrary effect was observed for HCTZ-377 treated L859P mutant. This suggests that I360T, G731R, and L859P mutations 378 disrupt the HCTZ affinity-modifying domains resulting in altered binding affinity of NaI 379 and/or altered NaI transport velocity. and (v) accelerating protein removal or degradation. In the presented study the 386 potential causative mechanism of NCC dysfunction was determined. 387
All mutations reduced the NCC protein abundance in the cell lysates, however, this 388 was accompanied by a lower abundance at the plasma membrane of only N59I, 389 R83W, I360T, C421Y, G463R, and L859P mutants. Several GS-causing NCC 390 mutations are affecting proper folding of the protein, which is recognized by the 391 endoplasmatic reticulum (ER) quality control (3, 12). It has been previously 392 demonstrated that NCC is a substrate for ER-associated degradation (ERAD) (3), a 393 system, which prevents an abnormally folded protein from the release to the 394 cytoplasm and eventually to the plasma membrane. Our study suggests that 395 mutation R83W and to a lesser extent mutations N59I, I360T, C421Y, G463R, 396 G731R, L859P, and R861C cause early degradation of the mutated protein and 397 therefore lower cellular expression. As a consequence, the abundance of N59I, 398 R83W, I360T, C421Y, G463R, and L859P mutants is diminished at the cell surface. 399
However, overexpressing mutant proteins in HEK293 may facilitate delivery of the 400 mutant protein to the plasma membrane, while at normal expression levels this 401 mutant would not have been directed to the plasma membrane (13). 402 403 NCC is a glycoprotein encompassing two N-linked glycosylation sites at residues 404
N406 and N426 which largely contribute to the regulation of NCC activity (3, 8). 405
Glycosylated NCC migrates on a SDS-PAGE gel as a broad band at approximately 406 130 kDa, which is reduced to approximately 110 kDa after PNGase F treatment. 407 NCC C421Y and L859P showed a faint or no glycosylated band resembling NCC-Wt 408 protein after PNGase F treatment suggesting that these mutants are not fully 409 glycosylated. Mutant C421Y and L859P also displayed reduced NaI transport, which 410 may indicate that disruption of proper glycosylation contributes to the disturbed 411 transport capability of the cotransporter leading to GS phenotype. This is in 412 accordance with previous findings in which the loss of glycosylation caused a 95% 413 decrease of NCC activity associated with a decreased affinity to Cl -, decreased 414 velocity of NaCl transport as well as decreased surface expression (8). Additionally, 415 the abundance of C421Y and L859P mutants was decreased, which may suggest 416 that the lack of proper glycosylation contributes to early degradation of mutated 417
NCC. 418
The association between phosphorylation of NCC and its function has been widely 419 Mutant R861C showed only a tendency towards a lower abundance at the cell 437 surface as well as lower ability to be phosphorylation, yet these changes are not 438 significant. This may indicate disturbance of intrinsic properties or a cumulative effect 439 of the lower abundance in the cell and at the plasma membrane as well as inefficient 440 phosphorylation eventually leading to the lower activity. 441
In conclusion, our study corroborates that defects of NCC protein expression, 442 processing, and transport activity underlie the pathogenic mechanism of GS. 443
Additionally, we developed a powerful tool allowing measurements of NCC activity in 444 vitro in a mammalian cell system. This new assay may prove to be useful for further 445 functional analysis of (mutated) NCC protein. 
